In glass-bonded sodalite, which is the ceramic waste form (CWF) to immobilize radioactive electrorefiner salt from spent metallic reactor fuel, uranium and plutonium are found as 20-50 nm (U,Pu)O 2 particles encapsulated in glass near glass-sodalite phase boundaries. In order to determine whether the (U,Pu)O 2 affects the durability of the CWF, and to determine release behavior of uranium and plutonium during CWF corrosion, tests were conducted to measure the release of matrix and radioactive elements from crushed CWF samples into water and the properties of released plutonium. Released colloids have been characterized by sequential filtration of test solutions followed by elemental analysis, dynamic light scattering, transmission electron microscopy (TEM), and X-ray absorption spectroscopy. This paper reports the composition, size, and agglomeration of these colloids. Significant amounts of colloidal, amorphous aluminosilicates and smaller amounts of colloidal crystalline (U,Pu)O 2 were identified in test solutions. The normalized releases of uranium and plutonium were significantly less than the normalized releases of matrix elements.
INTRODUCTION
Actinide elements, which are present in radioactive wastes principally as the long-lived radionuclides 235 U, 237 Np, and 239 Pu, are relatively insoluble in the tetravalent oxidation state. The low solubility of compounds containing the tetravalent ions U 4+ , Np 4+ , and Pu 4+ limits the transport of these nuclides in the groundwater that may infiltrate a repository. However, these radionuclides may migrate from nuclear waste as colloidal particles or may adsorb onto groundwater colloids or iron colloids generated from spent fuel cladding or canisters. The concentrations of actinide species in colloids can far exceed their true solubility as tetravalent ions, and their potential to migrate is greater than can be modeled on the basis of solubility limits. Therefore, it is appropriate to determine both the release of actinide colloids from waste forms and the important properties of actinide-bearing colloids.
Electrometallurgical treatment of spent sodium-bonded metallic fuel produces glassbonded sodalite, the ceramic waste form (CWF) that is used to immobilize the electrorefiner salt as well as the fission products and actinides in the salt. The CWF microstructure consists of 100-µm sodalite granules surrounded by binder glass [1] . Small inclusions of oxides (uranium, plutonium, and some rare earths) and halite (NaCl) are encapsulated by glass in the CWF near glass-sodalite phase boundaries. The uranium and plutonium oxides have been identified as clusters of (U,Pu)O 2 particles of colloidal size (20-50 nm) [2] . A transmission electron micrograph of these particles in CWF is shown in figure 1 (left) . Knowledge of the properties of the colloids released during CWF corrosion will be important for its qualification for disposal in a federal repository. The techniques developed to characterize these colloids will also be useful to characterize radiocolloid releases from other waste forms.
DESCRIPTION OF CERAMIC WASTE FORM AND CORROSION TESTS
Samples of CWF that had been loaded with 0.15-0.43 mass% U and Pu were prepared by hot isostatic pressing (HIPing) at 850˚C or by ambient-pressure consolidation at 915˚C. Specimens were crushed and sieved to isolate the -100 +200-mesh fraction, washed in absolute ethanol to remove fines, and washed in water to measure the rapid-water-soluble release of Cl -, which represents the halite exposed during crushing. Product consistency tests (PCTs) [3] with this CWF in demineralized water at 90˚C for test durations of 7 through 365 days were used to determine the release of Pu [4] . The releases of matrix elements, simulated fission products, and actinides from CWF were determined. This paper focuses on the complementary techniques that characterized the released (U,Pu)O 2 colloids in these tests. 
COLLOID DETERMINATION METHODOLOGY AND RESULTS

Sequential filtrations
Sequential filtration provides a measure of the particle size ranges and concentrations of colloids released from the CWF. Test solutions were filtered sequentially through 0.45-µm syringe filters, 0.1-µm centrifugal filters, and 0.005-µm centrifugal filters. Aliquots of each filtrate were analyzed chemically by ICP-MS.
Typical PCT solution concentrations of matrix elements (boron in glass; aluminum and silicon in sodalite) in filtrates are shown in The distribution of B, Si, and Pu fractions (normalized to the mass fraction of each element in the CWF) in a typical test is shown in table II. The 0.005-0.1-µm colloidal Pu fraction was the larger than the dissolved and 0.1-0.45 µm fractions. The amount of Pu deposited on the stainless-steel vessel walls was larger than all other fractions combined. 
Dynamic light scattering (DLS)
Aliquots of 0.45-µm filtrates (0.4-0.5 mL) were placed in glass DLS vials immediately after filtration and were stored at 25˚C until DLS measurements were made. The DLS apparatus is a modified 4700c Photon Correlation Spectrometer (Malvern Instruments) with a 3-75-mW argon ion laser. A correlator records the scattering intensity from small scattering volumes in time intervals as short as 50 ns. Particle sizes in these polydisperse solutions were determined with CONTIN software [5] [6] [7] . Particle size calibration was performed using polystyrene latex standards (nominal sizes of 30, 70, 100, and 300 nm). CONTIN analyzes data that are illconditioned (where an infinite number of mathematical solutions are possible), selecting a result from several that are generated during the analysis by minimizing the residual between the autocorrelation function derived from the experimental spectrum and that generated by model calculations. The results generated are based upon statistical constraints, in particular (1) a priori knowledge of the experimenter and (2) parsimony (the choice of the simplest solution among those not eliminated by constraints). Multiple DLS measurements were performed on each sample by varying scanning time to gain confidence in the result. The calculated size distributions are independent of scan time and indicate a stable colloidal system. Bimodal size distributions, represented by figure 2, were found. Figure 2 . Intensity-weighted colloid size distribution in CWF test solution after 7-day PCT at 90°C. Bimodal size distribution: mean diameters 8 and 120 nm, peak areas 68% and 32%.
Transmission electron microscopy (TEM)
Colloidal particles were deposited on a lacey carbon TEM grid by pipetting a 5-µL aliuqot of 0.45-µm filtered test solution and wicking the liquid through the grid onto ethanolwetted filter paper. Because the concentration of colloids was rather low, most grids had only a few clusters of aluminosilicate colloids and no (U,Pu)O 2 particles. Some grids were prepared by centrifuging the colloids from test solutions onto a grid held perpendicular to the centrifuge rotation axis in an epoxy support with a flat-bottom shallow cavity drilled out to support the grid. The grids were examined on a JEOL 2000 FXII transmission electron microscope operating at 200 kV, coupled with a Tracor Noran energy dispersive X-ray spectrometer.
A very few grids showed individual (U,Pu)O 2 particles of about the same size (20-50 nm) as the particles in the CWF ( figure 1, right) . These (U,Pu)O 2 particles were crystalline, exhibiting the expected fcc fluorite structure of PuO 2 . Most grids showed numerous ~10-nm aluminosilicate particles that were shown to be amorphous by their inability to display an electron diffraction pattern. Some of these particles appeared to be aggregated into ~100-nm clusters (figure 3). 
X-ray absorption spectroscopy (XAFS)
To identify the geometrical distribution of plutonium on a centrifugal filter and, if possible, to confirm that the plutonium was present as PuO 2 , the 0.005-µm centrifugal filter that retained the highest concentration of Pu (as determined from ICP-MS analyses of the filtrate before and after passing through the 0.005-µm filter) was cut out of its support with a razor blade and mounted with epoxy in an XAFS holder. The holder was placed in the MR-CAT beamline at the ANL Advanced Photon Source, and XAFS scans were done at the Pu L III edge. Fig. 4 is an area scan showing that the Pu-containing colloidal particles collected at part of the periphery of the filter. This region, shown at the right side of Fig. 4 , was presumably the upper edge in the microcentrifuge, which had the highest centrifugal force. (The microcentrifuge holds filters at a 45˚ angle, so the upper edge of the filter is subjected to the greatest centrifugal force.) Figure 5 is a near-edge spectrum of these particles, which is compared with the spectrum of a reference PuO 2 sample. The similarity of the two spectra leads to the conclusion that the Pucontaining colloids on the filter contain tetravalent plutonium, which is consistent with the PuO 2 found on TEM grids. The plutonium-containing species in uncorroded U,Pu-loaded CWF had previously been identified as PuO 2 from Pu L III edge spectra [8] . 
